In this paper, a holographic display system with wide viewing area is proposed based on the effective area expansion of the SLM. The effective area of the SLM is calculated based on the viewing area characteristics and expanded by using two SLMs. Different from the traditional holographic system based on the parallel-arranged SLMs or curved-arranged SLMs, we calculate the effective areas of the SLMs and the effective hologram of the system can be generated based on the effective-viewing-area (EVA) algorithm. The proposed system uses a 4K SLM by seamlessly stitching the effective areas of two 2K SLMs. After the EVA is calculated, the size of the effective hologram is inversely calculated according to the EVA. So, the effective area of the hologram is increased, and the calculation of the wasted information is greatly decreased. With the proposed system, the reconstructed object with large viewing area can be realized. Moreover, the calculation time for generating the hologram is reduced significantly. Experimental results verify the feasibility of the proposed system. In the proposed system, the 2K SLMs are used as examples for splicing, when more high-performance SLMs are used, the viewing area will be further expanded, and the advantage of the calculation speed will be more obvious than the traditional splicing method. The proposed system can provide new references to the holographic display system based on multiple SLMs stitching.
Introduction
The acquisition and display of three-dimensional (3D) information have always been a hot topic [1] , [2] . Recently, researchers hope to develop a true 3D display that can be viewed freely by observers from different angles. As a unique technique, the holographic display can record and reconstruct the wavefront information of the light wave [3] . Therefore, the true 3D object can be reconstructed and there is no conflict between the convergence and accommodation of human eyes. Thus, the holographic display is expected as an ideal way of the 3D display [4] , [5] . However, limited by the parameter of the spatial light modulator (SLM), the viewing angle and area of the reconstructed object are extremely small [6] - [9] . In addition, as each point in the hologram records the entire information of the 3D scene, the computational complexity is so high that it is difficult to achieve real-time generation of the hologram [10] , [11] .
Various methods and systems have been proposed to solve the problems. Some researchers use the shutters or Galvano mirror to enlarge the viewing area based on the time-division multiplexing [12] - [14] . Besides, a potential method has also been proposed by using the lens array and shutters to upload holograms on the SLM in turns [15] . Although the methods based on time-division multiplexing can solve the problem of the small viewing area, it is impossible to arrange the SLM seamlessly. Thereby, these methods may miss parts of the viewing area. In 2011, the method by reallocating the resolution of the SLM was realized by using a 4f imaging system [16] . The horizontal viewing angle of the SLM can be enlarged by increasing the horizontal resolution of the SLM, while the vertical viewing angle was decreased. Different from the method based on an SLM, the methods based on the space-division multiplexing by using multiple SLMs have also been studied a lot [17] , [18] . The original system used multiple SLMs which were arranged in parallel to expand the holographic viewing area [19] , [20] . However, the utilization rate of the light energy is relatively low due to the gaps between the SLMs. In 2011, a curved holographic system by splicing twelve SLMs together was proposed [21] . Each tilted SLM was loaded with the hologram which contained the information of a certain viewing angle of the object. The system calculated the hologram information according to the point cloud data, and the resolution of the calculated hologram was equal to the size of the SLM. In 2014, a holographic system with large viewing angle was achieved based on two SLMs [22] . The viewing angle of the reconstructed object can be continuously expanded to 27.5°by using a movable cylindrical lens. In 2016, a holographic display system with increased space bandwidth product was proposed by using diffractive optical elements (DOEs) to form a combined wave field [23] . In 2017, a system by using two SLMs and a 4f concave mirror was built to reconstruct the image with the viewing angle of 12.8° [24] . In 2018, a wide viewing-zone holographic display was proposed by using a convex parabolic mirror [25] . Meanwhile, many calculation algorithms have been proposed in order to realize the holographic display with wide viewing angle. In 2018, a complex amplitude modulation method was proposed for color holographic display with wide viewing angle [26] . Besides, the method of generating 360°c olor holograms has also been studied [27] . Though the systems to expand the viewing area have been considered, the calculations of the hologram and the viewing area cannot meet the requirement of the real-time display. In order to realize the holographic display with high quality, various algorithm acceleration methods have been proposed, such as look-up table [28] , [29] , wavefront recording method [30] and compressed lookup table [31] , [32] . Nowadays, it is still difficult to achieve fast holographic display with large viewing area. Although there are many problems in the holographic display that need to be solved, the researchers have never stopped the research.
In this paper, a holographic display system with wide viewing area is proposed based on the effective area expansion of the SLM. The corns of the proposed system are two SLMs and a beam splitter (BS). The hologram plane is composed of two SLMs and the two SLMs are seamlessly stitched together as a 4K SLM device. By analyzing the effective area of the 4K SLM, the effective hologram of the system can be generated with the EVA algorithm. In this way, the effective area of the hologram is calculated, and the calculation of the wasted information is decreased compared with the traditional system. With the proposed system, the reconstructed object with large viewing area can be realized. Moreover, the calculation speed is improved. Fig. 1 shows the structure of the proposed system based on two SLMs. It consists of a laser, a filter, a solid lens, a BS, two SLMs, a computer, an aperture and a CCD. The laser, filter and solid lens are used to generate the uniform parallel beam for irradiating the two SLMs and reconstructing the objects. The BS is located in the emission direction of the parallel beam and divides the beam into two beams which are perpendicular to each other. The two SLMs with the resolution of 1920 × 1080 (2K) are located in the emission direction of two beams respectively. Then the diffraction lights of the two SLMs can pass through the BS and the reconstructed object can be captured by the CCD.
Structure and Operating Principle
The corns of the proposed system are the SLMs and BS. Equivalently, the two SLMs and a BS can be considered as a SLM with 4K resolution, as shown in Fig. 2 . Different from the conventional 4K resolution, the 4K resolution of the proposed system refers to the horizontal direction. When the light passes through the BS, half of the light wave is reflected on SLM1 and the other half illuminates SLM2. The two SLMs are placed orthogonally, and they can be equivalently viewed as two SLMs that are seamlessly stitched together on the same plane. Then we regard the SLMs as a 4K SLM. Fig. 3 shows the geometric relationship between the 4K SLM and the EVA of the reconstructed object. In the holographic reconstruction, when the hologram is loaded on the SLM irradiated by the uniform parallel beam, the amplitude and phase information of the light wave is modulated. The diffraction angle α satisfies the following equation:
where λ represents the wavelength of the light and p denotes the pixel size of the 4K SLM. According to the geometric relationship and (1) we know that when the diffraction angle is extremely small, the size of the reconstructed object d can be expressed as follows:
where l represents the effective propagation distance from the SLM to the reconstructed object, s represents the height of the 2K SLM, and h = 2 s represents the height of the 4K SLM.
In order to analyze the effective viewing area, the maximum viewing angle of the reconstructed object is calculated, which can be expressed as follows:
where α e is the maximum viewing angle of the reconstructed object. The viewing area calculated by the maximum viewing angle is described in blue lines. According to the geometrical relationship, we can see that the maximum viewing angle of the reconstructed object is smaller than α. In principle, V represents the whole size of reconstructed object field. However, only in the area V e the complete reconstructed object can be seen according to the principle of the holographic diffraction. In the areas V 1 and V 2 , only a part of the reconstructed object can be seen. Since we can not see the complete image at V 1 and V 2 , these areas are called wasted areas. When the eyes are placed on the wasted areas, the motion parallax of some 3D images will be seen from this position, but we do not consider it in the proposed system. So, the area V e is called the EVA of the reconstructed object, which can be expressed as follows:
where L is the distance between the SLM and the viewing area. On the other hand, the size of the waste filed V w satisfies the following equation:
When the object point is reconstructed, two red lines are used to represent the diffracted light boundary, the blue solid lines and green lines are parallel to each other, as shown in Fig. 4 . For an object point, if its entire hologram is recorded, the area of the diffraction light is larger than V e according to the analysis. In the proposed system, we only record the necessary interferogram. According to the geometric relationship, the size of the necessary interferogram S e satisfies the following equations:
where int() represents the rounding operation. According to the EVA and geometric analysis of the proposed system, the effective area of the SLM can be calculated, and the size of the effective hologram can be calculated accordingly. As can be seen from (8), the hologram size loaded on the SLM is smaller than the size of the SLM. Moreover, the size of the recorded object needs be smaller than that of the SLM, and the size of the necessary interferogram is equal to the difference between the size of the SLM and the recorded object. In the process of the hologram generation, the resolution of the effective hologram is not 4K. Based on the EVA analysis, we generate a hologram based on the necessary interferogram. The necessary interferogram is generated according to the scalar diffraction principle and the viewing zone characteristics of the reconstructed object. Then the interferograms of other points on the same depth of the recorded object are obtained by translation of the necessary interferogram. In the proposed system, the novel-look-up-table (NLUT) algorithm improved by the EVA method is used to generate the hologram [33] . The principal fringe pattern (PFP) is pre-calculated and the resolution of the PFP is smaller than that of the SLM according to the EVA calculation. The effective hologram pattern can be generated by using shifting and adding operations of PFP based on the property of shift invariance. To match the resolution of the SLM, the hologram is surrounded by a grayscale image filled with zero. The effective hologram is loaded on the effective area of the 4K SLM, as shown in Fig. 5 . The final 4K hologram is divided equally into two parts, and the holograms of the left and right parts are loaded onto the two 2K SLMs, respectively. When the light illuminates the 4K SLM, we can see the reconstructed object at the viewing area. In the proposed system, two 2K SLMs are regarded as a 4K SLM. Then we analyze the traditional system in which two SLMs are placed in parallel and not regarded as a 4K SLM, as shown in Fig. 6 . We use traditional algorithm to generate the 2K hologram of the recorded objects and load the same hologram on two SLMs. When the holograms of the recorded object are loaded on two SLMs, the effective viewing area for each SLM can be analyzed according to the diffraction theory. According to the above analysis, we know that for an SLM, the EVA satisfies the following equation:
where V e0 is the EVA of a single SLM. The EVA of the traditional system in which two SLMs are placed in parallel is 2V e0 and it can be expressed as follows:
As can be seen from Fig. 6 , there are some intervals between the two EVAs, in which the complete reconstructed image cannot be seen. Then the EVA of such a system is discontinuous. The traditional systems which splice multiple SLMs just like Fig. 6 only consider the viewing area expansion of the reconstructed image, but do not consider the continuous viewing and expansion of the EVA. So, we can see that by using the proposed system, the EVA can be expanded. Moreover, the calculation speed is improved since the wasted field is reduced by using our proposed system. As the size of the recorded object increases, the increase in the reproduced EVA is more pronounced. Besides, there are some system that treat two SLMs as a 4K SLM. In the calculation process, a 4K hologram of the recorded object is generated directly and evenly divided into two parts to be loaded on two SLMs. Although the viewing area can also be expanded, the wasted viewing area is not needed and the calculation of the wasted information will affect the calculation speed.
Experiment and Discussion
In order to demonstrate the feasibility of the proposed system, we conducted the experiments. A green laser, a filter, a solid lens, two SLMs, a BS, an aperture and a CCD are used in the experiment. The green laser with the wavelength of 532 nm is used as the light source. The focal length of the solid lens is 300 mm. The BS has the size of 25.4 mm × 25.4 mm and the transmission rate of 80%. The models of the two SLMs are the same (the pixel pitch is 6.4 μm; the pixel number is 1920 × 1080; the size of the SLM panel is 12.29 mm × 6.91 mm). The 4K SLM has the pixel number of 3840 × 1080. Firstly, we conduct a basic experiment with a single SLM. The letter 'H' with the resolution of 320 × 240 is used as the recorded object. The SLM1 is turned on and the SLM2 is turned off at the same time. The hologram with the resolution of 1920 × 1080 is generated by using the traditional NLUT method and the reconstructed object is shown in Fig. 7(a) . When the EVA calculation method is used to generate the hologram, the resolution of the effective hologram is 1600 × 840 and the reconstructed object is shown in Fig. 7(b) . As can be seen from the results, the reconstructed object by using the EVA calculation can be displayed with a good quality. At the same time, the calculation speed by using the EVA calculation can be improved since the wasted information is reduced. The intensities of the reconstructed objects are shown in Fig. 8 , where Fig. 8(a) and Fig. 8(b) are the intensities of Fig. 7(a) and Fig. 7(b) , respectively. From the red box we can see that the speckle noise of the EVA calculation is better than that of the traditional NLUT method. The average point calculation time by using the traditional NLUT method and the EVA calculation is ∼0.024 s and ∼0.017 s, respectively. Through simulation, the peak signal to noise ratio (PSNR) values of the traditional method and our method are ∼28 and ∼35, respectively.
Then the 4K SLM is used for the experiment. When the light is used to illuminate the SLM, the zero-order light can be detected by the CCD. Fig. 9(a) is the zero-order light of the single SLM, and Fig. 9(b) is zero-order light of the 4K SLM. It can be seen clearly that the zero-order light can be seamlessly spliced together. In order to verify the versatility of the proposed system, the simulation experiment has been conducted. The letter 'W' and a car are used as the recorded objects. The resolution of the recorded objects is 960 × 720. Then the PFP is pre-calculated and the resolution of the PFP is 2880 × 1080. So, the effective hologram of the recorded object can be calculated, and the resolution of the effective hologram is 2880 × 1080. Then the effective hologram is loaded on the effective area of the 4K SLM, that is, both SLM1 and SLM2 are loaded on the effective hologram with the resolution of 1440 × 1080. Fig. 10 is the simulation result of the reconstructed object, where Fig. 10(a) is the result by using the 4K SLM and Fig. 10(b) is the result by using a single 2K SLM. The average point calculation Fig. 10(a) and Fig. 10(b) is ∼0.036 s and ∼0.024 s, respectively. However, the average point calculation time by using the system in Fig. 6 is ∼0.049 s. The simulation results show that the intensities by using the proposed system is higher than that by using the 2K SLM. Besides, experiment has been conducted in order to analyze the advantages of the proposed system compared with the traditional system based on parallel-arranged SLMs.
The optical experiment result is shown in Fig. 11 . In the experiments, when the light is used to illuminate the 4K SLM, the object can be reconstructed with a larger viewing area. The width of the viewing area is also analyzed, as shown in Fig. 12. Fig. 12(a) and Fig. 12(b) record the light distribution of the leftmost and the rightmost image points by using the traditional 2K SLM system at L = 105 mm and L = 110 mm, respectively. Fig. 12 (c) and Fig. 12(d) are the light distribution of the leftmost and the rightmost image points by using the proposed system at L = 105 mm and L = 110 mm. It can be seen clearly that the proposed system has a larger viewing area. Compared with the traditional 2K SLM system, the EVA of the proposed system is increased. When two SLMs are placed in parallel by using the traditional system such as Fig. 6 , the EVA can be calculated according to Eqs. (10)- (11) . It is easy to conclude that the EVA of the traditional system based on parallel-arranged is smaller than that of the proposed system. Moreover, according to Eq. (11) we know that when L and d changes, the difference of the EVAs between the proposed system and the traditional system changes accordingly. So, when the distance of the viewing area is increased, the proposed system will have a larger viewing area, as shown in Fig. 12(d) .
Compared with the conventional method based on a single 2K SLM, the width of the EVA based on proposed system is increased by ∼280%. Therefore, this experiment proves that the proposed system significantly enlarges the EVA of the reconstructed objects. Compared with the traditional system in Fig. 6 where two SLMs are arranged in parallel, the width of the EVA based on the proposed system is increased by ∼90%. At the same time, the calculation speed of the proposed system is analyzed, as shown in Fig. 13 . From Fig. 13 we can see that the calculation time increases accordingly when the resolution of the recorded object increases.
In the proposed system, the calculation method for generating the hologram is different. Different from the traditional system, the proposed system adopts the EVA algorithm. According to the EVA and geometric analysis of the proposed system, the effective area of SLM can be calculated, and the size of the effective hologram can be calculated accordingly. As can be seen from (8), the hologram size loaded on the SLM is smaller than the SLM size. The size of the necessary interferogram is equal to the difference between the size of the SLM and the recorded object. Therefore, in the process of hologram generation, the resolution of effective hologram is not 4K. As can be seen from Fig. 5 , the wasted area of the hologram is filled to zero, then the final 4K hologram can be generated. Then the calculation speed of the proposed system can be improved greatly. When the resolution of the recorded object becomes larger, the difference will become more intuitive. At present, the calculation speed of hologram is relatively slow, so it is very necessary to improve the calculation speed. In the future research, it can be considered to make use of the wasted area of the SLM. For example, if an entire object can be diffracted from a wasted hologram area by using extra means, the viewing area of the reconstructed object will be further improved.
However, there are still some problems that need to be solved. For example, in the experiment, a BS is used to stitch the effective areas of two 2K SLMs. Then a Michelson interferometer can be created and the light diffracted by the two SLMs will interfere. To solve this problem, it is necessary to ensure that the reproduced light is completely collimated. In the experiment, the path difference between the two arms of the Michelson needs to be minimized. In addition, we can choose a more stable experimental platform to conduct experiments. The width of EVA is increased only in the horizontal direction by using the proposed system. In the next work, phase factor can be loaded on the edge section of the SLM to increase the EVA in the vertical direction. The resolution of the recorded object needs to be smaller than that of the 4K SLM. If the resolution of the recorded object is close to the 4K SLM, the quality of the reconstructed object will be decreased as the resolution of the effective hologram is too small. Therefore, the technology used in the proposed system is more advantageous for objects with a larger amount information within a certain range. This range is to ensure that the resolution of the recorded object is less than the resolution of the effective hologram. In this paper, two 2K SLMs are used to splice a 4K SLM. Currently, the 4K SLM is available on the market. Though the pixel size of the 4K SLM can reach 3.74 μm, the cost is very high. If two 4K SLMs are used for splicing, the perspective of the reconstructed object will be further improved. Today, seamless stitching based on multiple SLMs is an important way to expand the viewing angle of the holographic display. If more SLMs are used in the proposed system, the viewing area will be further expanded than the traditional splicing method.
Conclusion
In this paper, a holographic display system is proposed based on the effective area expansion of the SLM. By calculating the effective area of the SLM based on the viewing area characteristics and seamlessly stitching the effective areas of two 2K SLMs, a 4K SLM is realized in the system. Then the effective area of the hologram is increased, and the calculation of wasted information is decreased compared with the traditional system. With the proposed system, the reconstructed object with large viewing area can be realized. Moreover, the calculation speed is improved. Experimental results verify the feasibility of the proposed system. In the proposed system, the 2K SLMs are used as examples for splicing. When more high-performance SLMs are used, the viewing area will be further expanded than the traditional splicing method. The proposed system can provide new ideas to the holographic display system based on multiple SLMs stitching.
